These data show that in the teleost retina NeuroD plays a fundamental role in photoreceptor genesis by regulating mechanisms that promote rod and cone progenitors to withdraw from the cell cycle. This is the first in vivo demonstration in the retina of cell cycle regulation by NeuroD.
Introduction
Cascades of transcriptional regulators determine cell fates and control cellular differentiation (Livesey and Cepko, 2001; Gowan et al., 2001; Vetter and Brown, 2001; Hatakeyama et al., 2001; Akagi et al., 2004; Van Raay and Vetter, 2004; Yan et al., 2005; Wang and Harris, 2005; Hevner et al., 2006; Sugimori et al., 2007) . Members of the bHLH class of proneural regulatory proteins act as molecular links connecting withdrawal from the cell cycle, cell fate determination and cellular differentiation (Bertrand et al., 2002; Chae et al., 2004; Yan et al., 2005; Sugimori et al., 2007) . The mechanisms by which bHLH proteins link these developmental events are being actively investigated (Logan et al., 2005; Liu et al., 2008) . Due to the functional similarity of bHLH proteins, elucidating the role of one member of this family may help identify principal mechanisms that underlie bHLH function. NeuroD is a basic helix-loop-helix transcription factor, which was originally identified as a molecule that functions to regulate the cell cycle, determine neuronal fates and control neuronal 0925-4773/$ -see front matter Ó 2008 Elsevier Ireland Ltd. All rights reserved. doi:10.1016/j.mod.2008.11.009 differentiation (Lee et al., 1995; Lee, 1997; Farah et al., 2000) . Within persistently mitotic cellular lineages, more recent evidence indicates a common role for NeuroD, directly linking cell cycle withdrawal with terminal differentiation. For example, in all persistently mitotic regions in the adult central nervous system, neuroD is expressed in late stage progenitors and appears to be essential for their terminal differentiation (Miyata et al., 1999; Schwab et al., 2000; Pleasure et al., 2000; Lee et al., 2000; Bedard and Parent, 2004; Hevner et al., 2006 ; see also Naya et al., 1997; Mutoh et al., 1998; Schonhoff et al.,2004) .
The retina is an informative model for studying gene function within the central nervous system (Stenkamp, 2007) . In the retinas of larval and adult teleosts, neuroD is expressed in two populations of post-mitotic cells, amacrine cells and nascent cone photoreceptors, and in proliferating cells in the lineages that give rise exclusively to rod or cone photoreceptors (Hitchcock and Kakuk-Atkins, 2004; Ochocinska and Hitchcock, 2007) . Mice share aspects of the teleost pattern of expression. In embryonic mice, neuroD is rarely expressed in retinal progenitors, however, it is expressed in nascent cones and in these cells functions to regulate opsin selection (Liu et al., 2008) . In contrast to fish and mice, in the avian retina, neuroD is expressed in multipotent progenitors and is determinative for photoreceptor cell fates (Yan and Wang,1998 . In frogs, NeuroD promotes the differentiation of amacrine cells (Kanekar et al., 1997; Moore et al., 2002) .
Based on previous studies of NeuroD function in vitro and the cellular pattern of neuroD expression in the zebrafish retina (Ochocinska and Hitchcock, 2007) , we hypothesized that within the mitotic photoreceptor lineages NeuroD selectively regulates aspects of the cell cycle. To test this hypothesis, we generated zebrafish transgenic for NeuroD EGFP fusion protein under control of the zebrafish heat shock 70/4 promoter (Halloran et al., 2000; Xiao et al., 2003) for conditional gain-of-function experiments, and we used morpholino oligoncleotides to knock down protein synthesis for loss-of-function experiments. Proliferation and photoreceptor genesis was evaluated using BrdU labeling, proliferation markers and cell type-specific markers. Potential down-stream effectors of the cell cycle were evaluated by in situ hybridization. The results show that NeuroD functions in rod and cone progenitors to promote these cells' exit from the cell cycle, and suggests that this is accomplished by regulating the expression of cell cycle control genes. Further, when expressed ectopically in multipotent retinal progenitors, NeuroD promotes the genesis of rod photoreceptors and inhibits the genesis of Mü ller glia.
Results

Transgenic lines
The expression of the pHsp70/4:neuroD EGFP construct and intracellular trafficking of the fusion protein was validated both in cell lines and transient transgenic embryos (Supplemental Fig. S1-S3 ). To generate transgenic lines (see Halloran et al., 2000) , embryos were injected, and 150 were raised to adulthood and screened for germline transmission. Based on this screen, three lines were identified and propagated. Southern blotting of digested DNA from each line identified genes encoding both the transgene and endogenous neuroD (Supplemental Fig. S4 ). Southern blots showed that for each line approximately 50 copies of the transgene had inserted per haploid genome. This is within the range previously described for other transgenic lines (Xiao et al., 2003) . After being subjected to heat shock, embryos from the first line had robust fluorescence in the retina, embryos from the second line had only a few fluorescent cells in the retina and embryos from the third line had no fluorescent cells in the retina but did have EGFP-positive cells in the olfactory placode. The transgenic line with robust induced fluorescence in the retina was used for the experiments described here. Western analysis using the zNrd antibodies demonstrated that following heat shock the NeuroD fusion protein was stable for at least 24 h (data not shown).
NeuroD fusion protein is functional in vivo
To determine if the NeuroD EGFP fusion protein was functional in vivo, the expression of islet-1, a putative down-stream target of NeuroD (see Wang et al., 2000) , was examined in wt and transgenic embryos. Embryos received heat shock at 15hpf and were assayed at 25hpf for EGFP fluorescence, neuroD expression and islet-1 expression. Several observations emerged from these early experiments. First, as evidenced by fluorescence microscopy, heat shock induced expression of the fusion protein throughout the embryo ( Fig. 1A and B) . Second, prior to 24hpf, induction of the fusion protein arrested subsequent growth. This is likely a consequence of the effects of induced neuroD on the cell cycle (see below). Third, ectopic neuroD mRNA was present throughout the embryo (data not shown). Fourth, following heat shock, islet-1 was ectopically expressed throughout the embryo (Fig. 1C and D) . At 25hpf, islet-1 is normally expressed in discrete tissues, including the epiphysis, forebrain, hindbrain, neural tube, pancreatic bud, pharyngeal arch, retina, spinal cord, and trigeminal ganglion (Thisse et al., 2004) . In transgenic animals, in addition to the normal pattern of expression, islet-1 was expressed throughout the embryo, including the epidermis. These results demonstrate that the NeuroD fusion protein was functional in vivo.
Gain of function: neuroD induces mitotic cells to withdraw from the cell cycle
To test the hypothesis that NeuroD regulates mitotic activity among photoreceptor progenitors, embryos were subjected to heat shock at 24hpf, labeled with BrdU at 48hpf and sacrificed immediately afterward. As expected, the retinas of wt fish contained numerous BrdU-positive cells, both in the circumferential marginal zone and scattered throughout the inner and outer nuclear layers ( Fig. 2A) . In the retinas of transgenic fish, the vast majority of cells were EGFP-positive (Fig. 2B) . However, in contrast to wt fish, the retinas of transgenic fish contained few BrdU+ cells (Fig. 2C) . The absence of BrdU+ cells was especially striking for the circumferential marginal zone (CMZ), a proliferative neuroepithelium at the junction of the retina and iris (cf. 2A and Fig. 2C ; arrows). The few BrdU+ cells present in the transgenic retina lacked EGFP (Fig. 2D) and virtually all the EGFP+ cells lacked BrdU.
The number of proliferating cells was quantified using an antibody against phosphohistone H3. This analysis showed there were significantly fewer pH3-positive cells in transgenic retinas (n = 12) following heat shock compared to wt controls (n = 12; Fig. 2E ). Taken together, data from the BrdU and phosphohistone H3 labeling show that synthesis of NeuroD in retinal progenitors prevents these cells from entering S-phase of the cell cycle and may have exited completely from the cell cycle.
An alternative explanation for the reduction in the number of proliferating cells, however, is that, following heatshock, dividing cells do not exit the cell cycle, but rather undergo apoptosis. This was tested in the same cohort of embryos using a TUNEL assay for apoptotic cells. Counts of TUNEL-positive cells showed that following heat shock there was no increased cell death in the retinas of transgenic fish (Fig. 2F) . In fact, the data reveal there were significantly fewer TUNEL+ cells in the retinas of the transgenic animals. These data show that the decrease in BrdU labeling following the induction of NeuroD fusion protein is not a result of increased cell death.
To investigate the potential mechanism by which NeuroD may promote withdrawal from the cell cycle, in situ hybridization was performed to evaluate the expression of genes encoding the cyclin inhibitors p27 and p57 and genes encoding the cell cycle progression factors, CyclinD1, CyclinB, and CyclinE. Animals were heat-shocked at 24hpf and sacrificed at 48hpf. For each probe, retinas from wt (control) and transgenic (experimental) animals were mounted and processed on the same microscope slide. In wt animals, p27 and p57 are expressed in an irregular distribution within the retina, reflecting the mixed populations of dividing and differentiated cells at this age. Cells within the CMZ, which exclusively contains dividing cells, do not express these cell cycle inhibitors ( Fig. 3A and C) . This was most noticeable for p57. In transgenic animals, the expression of both p27 and p57 was significantly increased, as indicated by the intensity of reaction product within each cell, and each probe uniformly labeled cells in the CMZ (Fig. 3B and D) . A converse pattern of expression was observed for the cyclin genes. In control retinas probed for Cyclin D1, B and E, the cellular expression of these genes was largely confined to the dividing cells of the CMZ and adjacent, immature retina (Fig. 3E,G and I ). In contrast, in the retinas of transgenic animals, the expression of the cyclin genes was reduced or absent (Fig. 3F, H and J) . These data show that induced NeuroD protein results in an increase in the expression of the cell cycle inhibitors, p27 and p57, and a concomitant decrease in the expression of the cell cycle promoters, Cyclins D, B and E. These results indicate that the expression of neuroD modulates the expression of these cell cycle control genes. 
2.4.
Gain of function: NeuroD promotes the genesis of rod photoreceptors and inhibits gliogenesis bHLH transcription factors, including NeuroD, have a fundamental property in that they function to promote neurogenesis and inhibit gliogenesis (Vetter and Brown, 2001; Van Raay and Vetter, 2004; Yan et al., 2005; Wang and Harris, 2005; Moore et al., 2002; Hevner et al., 2006; Sugimori et al., 2007) . Following heat shock with transgenic zebrafish, NeuroD fusion protein was expressed ectopically in multipotent retinal progenitors of the CMZ. This allowed us to test whether or not ectopic NeuroD promotes neurogenesis among multipotent cells. In this experiment, wt and transgenic embryos were subjected to heat-shock at 24hpf or 48hpf and analyzed 24 h later, at 48hpf or 72hpf, respectively, with a panel of antibody markers. At 48hpf there are few differentiated cells in the retina, and in transgenic animals that received heat shock at 24hpf, there were no additional neurons produced (data not shown). These results show that the induced expression of NeuroD in the early retinal neuroepithelium is not sufficient to generate neurons or photoreceptors.
One explanation for these data is that in the early embryo, regardless of the mitotic state of a cell, the retinal environment is not permissive for cellular differentiation. To circumvent this potential limitation, a similar assay was performed 24 h later, a time when the retinal environment is permissive for neurogenesis (Raymond et al., 1995) . For this experiment, zebrafish were exposed to systemic BrdU at 48hpf then subjected to heat-shock. In this experiment, BrdU was used to mark and follow the cohort of multipotent cells within the CMZ. The fate of these cells was then evaluated at 72hpf. Further, because of the known developmental asymmetry in the retina at 72hpf (Hyatt et al., 1996; Schmitt and Dowling, 1999) , cells generated from the dorsal and ventral marginal zones were analyzed separately. The number of cells labeled with each cell type-specific marker was counted. To normalize for the slight differences in retinal growth as a consequence of the induced NeuroD expression, ratios of the various cell types were calculated and compared in a pair-wise manner.
The pair-wise comparisons showed that between control (n = 5) and transgenic animals (n = 5) there were no statistically-significant differences in the proportion of ganglion, amacrine and cone photoreceptors generated from the CMZ (Supplemental Fig. S5 ). In contrast, in transgenic animals there was a significantly higher proportion of rod photoreceptors in the dorsal retina (Fig. 4A ) and a significantly lower proportion of Mü ller glia in ventral retina (Fig. 4B ). This dorso-ventral asymmetry in cell types likely reflects the developmental asymmetries present in the retina at this age. Nonetheless, these data suggest that ectopic expression of neuroD in multipotent retinal progenitors is sufficient to promote the genesis of rod photoreceptors and concomitantly inhibit the genesis of Mü ller glia.
2.5.
Loss of function: effects on development and morpholino specificity
As a second, independent test of our hypothesis, the synthesis of NeuroD was selectively inhibited by injecting antisense morpholino oligonucleotides at the 2-to 8-cell stage and cell proliferation and differentiation was assayed at 72hpf. Initial comparisons of control and morphant embryos showed there were no apparent differences in gross development and morphology ( Fig. 5A-C ; see Corey and Abrams, 2001) . The size and shape of the body and size of the eyes was comparable between control and experimental animals. The specificity of the atgmorpholinos was tested by Western blot analysis and in the Fig. 3 -NeuroD increases the expression of cyclin inhibitors and inhibits the expression of cyclins. Panels A, C, E, G and I illustrate retinas from wt embryos heat-shocked at 24hpf, sacrificed at 48hpf and processed for in situ hybridization with probes for p27, p57, Cyclin D1, Cyclin B and Cyclin E, respectively. Panels B, D, F, H and J are transgenic embryos treated similarly. Scale bars equal 50 lm. Tg(pHsp70/4:neuroD EGFP ) line. In Western blots, the zNrd antibody recognizes a band at 30 kD, and this protein is markedly reduced in morphant embryos (Fig. 5D) . As a second test of morpholino specificity, embryos generated from transgenic animals, were randomly separated into two groups, injected with either mismatch (Fig. 5E and F) or neuroD-atg morpholinos ( Fig. 5G and H) , respectively, subjected to heat shock at 24hpf and photographed at 48hpf. EGFP expression was then qualitatively assayed for each group. A subset of the embryos (presumptive transgenics) injected with the mismatch morpholino showed robust EGFP fluorescence ( Fig. 5E and F) . In contrast, embryos injected with the neuroD-atg morpholino uniformly lacked EGFP fluorescence or (more rarely) contained a few EGFP+ cells ( Fig. 5G and H) . Together, these data demonstrate that the neuroD-atg morpholinos specifically block translation of NeuroD protein in vivo.
2.6.
Loss of function: NeuroD is required for photoreceptor progenitors to exit the cell cycle
In contrast to the gain-of-function experiments, where NeuroD was induced in all cells, in the loss-of-function experiments, NeuroD translation is inhibited only in cells that normally synthesize this protein. Since NeuroD is expressed in mitotically active cells of the rod and cone lineages, these studies can directly test the consequence of removing NeuroD in photoreceptor progenitors. Embryos from wild-type crosses were divided into control (uninjected or injected with mismatch morpholinos) and experimental groups (injected with neuroD-atg morpholinos). Following the injections, each group was exposed to a brief systemic pulse of BrdU at 72hpf and sacrificed immediately afterwards. As expected for animals at 72hpf, in both control and morphants, the retinas were laminated, and cell type-specific markers showed that neurons within the inner layers developed normally (Supplemental Fig. S6 ). In control animals (n = 12), BrdU+ cells were present in the CMZ and largely absent in the inner and outer nuclear layers (Fig. 6A and B) . However, in striking contrast to controls, in the retinas from morphants (n = 12), numerous BrdU-positive cells were present throughout the outer nuclear layer, and individual cells and clusters of cells were present in the inner nuclear layer (Fig. 6C) . The number of mitotically active cells was quantified using antibody labeling for BrdU and phosphohistone H3. These counts showed there are significantly more BrdU and pH3-positive cells in morphant retinas (n = 6) compared to wt controls (n = 6; Fig. 6D and E). These data show that NeuroD is required for cells in the photoreceptor lineages to exit the cell cycle, and in the absence of NeuroD, these cells continue to proliferate. Retinas from control and morphant embryos were analyzed at 72hpf with probes for mRNA encoding cell cycle regulatory proteins p27 and CyclinD1. In contrast to the gain-of-function experiments, there was no apparent difference in p27 expression between retinas in control and morphant embryos ( Fig. 7A and B) . This likely reflects the inability to identify the small proportion of the total cells in the retinas of morphant embryos that remain in the cell cycle and do not express this gene. In contrast, the number and distribution of cells expressing Cyclin D1 was markedly altered in the morphants. At 72hpf, CyclinD1 is normally expressed only in cells in the CMZ (Fig. 7C) . In retinas from morphant embryos, the expression of CyclinD1 in the CMZ remains unchanged, but CyclinD1 is upregulated in cells in the inner and outer nuclear layers (Fig. 7D) . These data show that the absence of NeuroD results in the upregulation of CyclinD1 expression in retinal layers that contain excess dividing cells.
2.7.
Photoreceptors differentiation recovers by 7 days post-fertilization in NeuroD morphant retinas
As an additional test of NeuroD function, the population of mitotically active cells in the morphant retina was tracked between 72hpf and 7 days post-fertilization (dpf), which is 3 or 4 days after the time when morpholino-dependent translation inhibition is lost (Malicki, 2000; Malicki et al., 2002; Pujic et al., 2006) . Control and morphant animals were exposed to BrdU at 72hpf and assayed either immediately afterward or at 7dpf for BrdU incorporation and markers of cones (zpr1) or rods (zpr3). Among the cohort of morphants examined at 72hpf, there were no cells that expressed markers of differentiated photoreceptors (Fig. 8A-D) . In contrast, by 7dpf NeuroD morphants expressed proteins characteristic of mature photoreceptors (Fig. 8F) . Furthermore, these photoreceptors (along with other cells within the inner nuclear layer) were co-labeled with BrdU (Fig. 8F inset) . These results show that at 72hpf cells destined to migrate to the outer nuclear layer fail to exit the cell cycle, however, they retain their identities as photoreceptor progenitors. These results further demonstrate that neuroD is required for photoreceptor progenitors to exit the cell cycle, and serve, secondarily, as proof for the specificity of the NeuroD morpholinos.
Discussion
In the developing and adult retina of teleosts, neuroD is expressed in mitotic progenitors that give rise exclusively photoreceptors (Hitchcock and Kakuk-Atkins, 2004; Ochocinska and Hitchcock, 2007) , and this allowed us to evaluate the function of NeuroD in a mitotic lineage dedicated to a single cell type. The results show that in photoreceptor progenitors NeuroD initiates cell cycle exit. The most parsimonious mechanism is direct, cell autonomous regulation of the expression of cell cycle control genes. However, we cannot exclude the possibility that NeuroD functions indirectly or via non-cell autonomous mechanisms. Nonetheless, these results provide the first in vivo evidence for the role of NeuroD in controlling the cell cycle of neural progenitors in the retina. Our data also suggest that NeuroD does not control cell fates. However, when NeuroD is ectopically expressed in retinal progenitors, a circumstance that normally does not occur in the teleost retina, it promotes the genesis of rod photoreceptors and inhibits the genesis of Mü ller glia, corroborating the previously demonstrated general role of bHLH proteins in promotoing neurogenesis over gliogenesis.
Progression through all of the phases of the cell cycle is under the control of cyclin-CDK (cyclin-dependent kinase) complexes, and the activity of these cyclin:CDK complexes is regulated by CDK inhibitors, including the CIP/KiP family (Soprano and Giordano, 2003; Dehay and Kennedy, 2007) . Whereas cyclin-CDK complexes positively drive progression of the cell cycle, CDK inhibitors negatively regulate progression through the cell cycle by binding to and inactivating cyclin-CDKs (Dyer and Cepko, 2001a,b; Soprano and Giordano, 2003; Dehay and Kennedy, 2007) . The cyclin inhibitors are regulated at the transcriptional and post-translational levels, and studies have shown that NeuroD upregulates the expression of CDK inhibitors p21, p27, and p57 (Naya et al., 1997; Mutoh et al., 1998; Farah et al., 2000; Schonhoff et al., 2004; present results) . In vitro, forced expression of NeuroD induces dividing cells to withdraw from the cell cycle, which is preceded by elevated expression of the cyclin-dependent kinase inhibitor p27Kip1 (Farah et al., 2000) . In enteroendocrine cells, NeuroD induces cell cycle arrest with a concomitant increase in p21 expression, another inhibitor of cyclin-dependent ki- Fig. 8 -Photoreceptor differentiation is absent in morphant retinas at 72hpf and recovers in morphant retinas by 7 days post-fertilization. Rows A and B illustrate retinas from wt embryos at 72hpf stained for cone and rod photoreceptors, respectively. Rows C and D are retinas from morphants at 72hpf stained for cone and rod photoreceptors, respectively. Row E illustrates the retina from a wt animal labeled with BrdU at 72hpf, sacrificed at 7days post-fertilization (dpf) and labeled antibodies against BrdU (green) and the cone-specific marker, zpr1 (red). Row F illustrates the retina from a morphant labeled with BrdU at 72hpf, sacrificed at 7dpf and labeled with antibodies against BrdU (green) and the cone-specific marker, zpr1 (red). All left-hand panels illustrate nuclear staining with bisbenzimide. The middle panels are stained with markers for cones (zpr1) or rods (zpr3). The right-hand panels are digital overlays (E3 and F3). The scale bar in panel D1 corresponds to panels A-D and equals 50 lm. The scale bar in panel F1 corresponds to panels E-F and equals 50 lm. L, lens; wt, wildtype embryos; MO-ATG, embryos injected with translation-blocking morpholinos. nases (Naya et al., 1997; Mutoh et al., 1998; Schonhoff et al., 2004) . In the retina p27(Kip1) is part of the molecular mechanism that controls the decision of multipotent central nervous system progenitors to withdraw from the cell cycle (Levine et al., 2000; Dyer and Cepko, 2001a,b; Ohnuma et al., 2002; Cunningham et al., 2002) . Based on its expression pattern in photoreceptor progenitors (Ochocinska and Hitchcock, 2007) and the data presented here, we suggest that in teleosts NeuroD influences the expression of a network of cell cycle regulatory genes to promote cell cycle exit among photore-ceptor progenitors. Specifically, NeuroD may coordinate cell cycle arrest by upregulating the expression of p27 and p57, which, in turn, leads to the downregulation of the expression of cyclins D, B and E.
Previous studies have shown that other transcription factors also regulate cell cycle progression and neurogenesis in the retina. Prox1 is required for horizontal cell genesis and controls progenitor cell proliferation (Dyer, 2003; Dyer et al., 2003) , whereas Math5 is required for ganglion cell genesis and controls cell cycle progression (Kanekar et al., 1997; Le et al., 2006) . Prox1 expression promotes the upregulation of both p27 and p57 in the retina (Dyer, 2003; Dyer et al., 2003) .
Math5
À/À retinal cells show aberrant p27/Kip1 expression and an inability to become fully post-mitotic (Kanekar et al., 1997; Le et al., 2006) . These data are consistent with the characteristics of bHLH regulatory proteins acting as a molecular link connecting withdrawal from the cell cycle, cell fate determination, and differentiation (Bertrand et al., 2002; Chae et al., 2004; Yan et al., 2005; Sugimori et al., 2007) . A recent study has shown that Meis1, a vertebrate homolog of the TALE-class homeodomain transcription factor Homothorax (Htx), is required for cell cycle progression of mulitpotent progenitors in the retina and functions by regulating the expression of CyclinD1 (Bessa et al., 2008) . It is interesting to note that the bHLH transcription factor, MyoD, directly interacts with the Pbx/Meis complex (Tapscott, 2005) , suggesting that in the retina similar mechanisms controlling the function of bHLH transcription factors are conserved.
In the embryonic and adult retina of teleosts, NeuroD is transiently and briefly expressed in post-mitotic cone photoreceptors. Based on this, we speculated previously that NeuroD might regulate early aspects of cone maturation (Ochocinska and Hitchcock, 2007 ; see also Liu et al., 2008) . Our data are consistent with this speculation. In NeuroD morphants at 72hpf, a distinct outer nuclear layer is present, but cells there do not express markers of differentiated cones. If the outer nuclear layer harbors post-mitotic photoreceptors, the absence of cone markers could be interpreted to show that, in the absence of NeuroD, these cells fail to differentiate. This is an attractive interpretation, however, we cannot distinguish this from the possibility that, in the absence of NeuroD, the outer nuclear layer consists only of dividing photoreceptor progenitors. Alternatively, based on the gainof-function results, we are tempted also to speculate that in newly post-mitotic cones NeuroD functions to hold these cells in a post-mitotic state. Cell cycle arrest is an active process (Herrup and Yang, 2007) , and the transient expression of NeuroD in nascent cones may block re-entry into the cell cycle as differentiation proceeds.
In the present study, induced expression of NeuroD in the CMZ, which contains retinal progenitors that normally do not express this gene (see Ochocinska and Hitchcock, 2007) , promoted rod genesis and inhibited the genesis of Mü ller glia. This result is consistent with the general function of bHLH transcription factors, which in various neural tissues function to promote neurogenesis and inhibit gliogenesis (Sun et al., 2001; Morrow et al., 1999; Tomita et al., 2000) . In contrast, in the loss-of-function experiments, the absence of NeuroD in photoreceptor progenitors did not result in a change in cell fate. Following knock down of NeuroD, photoreceptor progenitors fail to exit the cell cycle, however, these cells migrate normally, form an outer nuclear layer and express markers of differentiated photoreceptors when NeuroD function is allowed to recover. These observations show that in the absence of NeuroD, these cells retain their identity as photoreceptor progenitors and that additional mechanisms, independent of NeuroD, must specify their fates. Together, these data suggest that in the vertebrate retina (and brain), the function of NeuroD is context specific. When expressed in cells that are competent to generate multiple cell types, NeuroD functions as a determination factor, whereas when expressed in cells whose fates are constrained, NeuroD functions more narrowly to regulate exit from the cell cycle or discrete steps in cellular differentiation.
4.
Materials and methods
Experimental animals
Zebrafish were housed at 28.5°C on a 14/10 h light/dark cycle. Embryos were collected after natural spawns, developed at 28.5°C, and staged by hours post-fertilization (hpf) (see Kimmel et al., 1995) . Protocols for all procedures using animals were approved by the University Committee for the Use and Care of Animals (UCUCA) at the University of Michigan and conform to NIH guidelines.
Transgene construct
A pHsp70/4:neuroDEGFP construct was made by inserting the PCR-amplified open reading frame of zebrafish neuroD (Korzh et al., 1998) between the SalI and SacII restriction sites in the pHsp70/4:EGFP vector [provided by John Kuwada, University of Michigan (Halloran et al., 2000) ]. The following PCR primers were used to add the SalI and SacII restriction sites and remove the neuroD stop codon: forward: 5 0 -GGGGTCCCAAGAAGAAGAAG-3 0 ; reverse: 5 0 -TAAGGGGTCC GTCAAATGAG-3 0 . Following subcloning, the insert was sequenced to rule out potential errors in the PCR.
Transgenic lines
Plasmid DNA was isolated for injection, linearized at the SacII restriction site, 5 0 to the Hsp70/4 promoter, and diluted at 50 ng/ll in 1· Danieau buffer (Nasevicius and Ekker, 2000) and 0.25% phenol red. Embryos at the one-to four-cell stage were viewed at 40· magnification, and 2 ng of DNA was injected into blastomeres, delivered by glass micropipettes and a Picospritzer (General Valve Corporation, Picospritzer II, Fairfield, NJ). Injected embryos were raised to sexual maturity and pair-wise crosses were made to identify fish showing germline transmission of the transgene. To identify founders (F0), embryos from these crosses were subjected to heatshock and assayed for EGFP fluorescence, which was then validated by PCR with genomic DNA using primers for the sequence encoding the enhanced green fluorescent protein.
Proteins driven by the heat shock promoter are constitutively expressed in the lens (Blechinger et al., 2002) , therefore, F1 transgenic embryos were identified at 72hpf for green lenses. F1 transgenic fish were raised to adulthood and mated with wild-type (wt) fish to generate hemizygous progeny. The F2 progeny were raised to sexual maturity and pair-wise crosses of these animals resulted in F3 progeny with a 1:2:1 ratio of wt:hemizygous:homozygous (data not shown).
For the gain-of-function experiments, embryos were harvested from a cross of hemizygous, F2 parents, heat shocked at the indicated ages and, based on fluorescence intensity, sorted into wt, hemizygous and homozygous groups. Hemizygous animals were discarded, and all comparisons were made between wt and homozygous embryos.
Southern blot analysis
To estimate the copy number of the integrated plasmid in the three lines of Tg(Hsp70/4:nrdEGFP) fish, genomic DNA from the F3 generation was digested with SalI, which releases the plasmid from the genomic DNA, and the DNA was subjected to Southern blot analysis. The DNA was separated by agarose gel electrophoresis and transferred to nylon membranes. Blots were hybridized overnight at 65°C with a 200 bp fragment from the C-terminal region of NeuroD labeled with [alpha-32P]dCTP and diluted in standard buffer. To estimate copy number, the optical density of bands on the film for endogenous neuroD and the transgene were compared. Band intensity was quantified by computer-assisted image analysis (Adobe Photoshop CS2, Adobe System Incorporation, USA).
Antibodies
Antibodies against zebrafish NeuroD were generated by ZYMED Laboratories (Invitrogen) against the C-terminal, non-conserved region of zebrafish neuroD (amino acids 332-350). Serum containing NeuroD antibodies (zNrd) was affinity purified, and antibody specificity was evaluated by Western analysis (data not shown).
4.6.
Western blot analysis Levels of NeuroD protein in experimental and control animals were analyzed by Western blotting. Proteins were extracted from pools of 150-200 embryos by lysing the embryos in buffer with protease inhibitors (Complete Mini, Roche, Mannheim, Germany). Protein concentrations were quantified using a BCA Protein Assay Kit (Pierce, Rockford, IL) and a Perkin-Elmer Lamba Bio 20 spectrophotometer. Proteins were separated in a 10% SDS-PAGE gel and transferred to a nitrocellulose membrane (Sigma-Aldrich, St. Louis, MO). The membrane was blocked overnight and incubated with the zNrd antibodies diluted at 1:1000 and anti-GFP antibodies (Chemokine) diluted at 1:10,000. Horseradish peroxidase-coupled anti-rabbit IgG secondary antibodies (Sigma-Aldrich, St. Louis, MO) were diluted 1:1000. Chemiluminescence and film (ECL detection system; AmershamBiosciences, Arlington Heights, IL Kodak Chemiluminescence BioMax Film; Rochester, NY) were used to visualize the immunolabeled proteins.
BrdU labeling
Bromodeoxyuridine (BrdU; Sigma, St. Louis, MO) was used to label mitotically active cells. Embryos were systemically labeled with BrdU by soaking them for 20 min in 5 mM BrdU in embryo rearing solution containing 15% DMSO (Ochocinska and Hitchcock, 2007) .
Immunohistochemistry and TUNEL
All immunohistochemistry protocols were performed as described previously (Hitchcock et al., 1996) . Omitting primary antibodies served as negative controls. In the absence of primary antibodies, no staining was observed. Ganglion cells were labeled using the monoclonal antibody, zn-12 (The Zebrafish International Resource Center, Eugene, OR; catalog #072103). Amacrine cells were labeled using a monoclonal antibody against rat syntaxin (Monoclonal Anti-Syntaxin Clone HPC-1; Sigma; catalog #S0664). Mü ller glia were labeled using a monoclonal antibody against glutamine synthetase (GS; Chemicon, Temecula, CA, catalog #MAB305). Red/green cone photoreceptors were labeled using the monoclonal antibody, zpr-1 [formerly Fret43 (Larison and Bremiller, 1990) ; The Zebrafish International Resource Center, Eugene, OR; catalog #092502]. Rod photoreceptors were labeled using the monoclonal antibody, zpr-3 [formerly Fret11 ; The Zebrafish International Resource Center, Eugene, OR; catalog #011604]. Cells in the M-phase of the cell cycle were labeled with using a polyclonal antibody against phosphohistone H3 (Upstate Biotechnology, Lake Placid, NY). Proliferating cells were also labeled using a monoclonal antibody against Proliferating Cell Nuclear Antigen (PCNA; SIGMA, San Louis, MO; product #8825). BrdU was detected using either mouse (Becton Dickinson Immunocytochemistry Systems, San Jose, CA; catalog #347580) or rat (Abcam; Cambridge, MA; catalog #ab6326-250) monoclonal antibodies. All primary antibodies, unless otherwise noted, and secondary antibodies conjugated to fluorescent labels were diluted 1:200. The in situ Cell Death Detection Kit, TMR red (Roche) was used to label apoptotic cells.
4.9.
In situ hybridization
In situ hybridization was performed using digoxigenin-labeled riboprobes, synthesized as previously described (Hitchcock et al., 2001) . In situ hybridization with whole embryos was performed according to Westerfield (2000) . Briefly, embryos were fixed in 4% paraformaldehyde, dehydrated in methanol and stored at À20°C. Embryos were then returned to room temperature, rehydrated, fixed in 4% paraformaldehyde, permeabilized with 0.1 M proteinase K, fixed a second time in 4% paraformaldehyde, treated with acetic anhydride, washed in PBS with 1% Tween and pre-hybridized in hybridization buffer for 1-2 h. The prehybridization solution was then removed and 200 ng of probe in 80 ll of hybridization solution was added to the embryos and hybridized overnight at 55°C. The next day, the embryos were washed and the digoxigenin was detected using antibodies conjugated to alkaline-phosphatase (Roche Diagnostics; Indianapolis, IN; catalog #12930020) and a colorimetric reaction with 4-nitrobluetetrazolium/5-bromo-4-chloro-3-indolyl phosphate (NBT/ BCIP; Roche Molecular Biochemicals, Indianapolis, IN) as the enzymatic substrate. The color reaction was allowed to proceed for approximately 60 min and stopped with PBS. Em-bryos were transferred to single concavity slides (Tri-Ess Sciences, Inc., Burbank, CA) and coverslipped for inspection and photomicroscopy. In situ hybridization with single probes on sections was performed as previously described (Hitchcock et al., 2001) . For each probe, two hundred nanograms of probe in 80 ll of hybridization solution was placed onto sections, coverslipped, and hybridized overnight at 55°C. The next day, the sections were washed and digoxigenin was immunolabeled using an alkaline-phosphatase-conjugated antibody and visualized with NBT/BCIP.
Cell counts
For embryos at 48hpf, labeled cells were counted in one section per animal taken through the optic nerve. Labeled cells were counted in the entire retina and the number of cells was divided by retinal area to normalize for differences in the area of the section. For embryos at 72hpf, labeled cells were counted in 2-3 sections per animal taken through the optic nerve. For each section, the number of labeled cells was divided by retinal area to normalize for differences in the area of the section. The data were then averaged for each animal. The standard deviation was calculated for control and experimental groups, and a two-sample t-test was used to determine significance.
For experiments tracking cell fates following induction of NeuroD among cells in the CMZ, wt and transgenic animals were exposed to BrdU at 48hpf, treated with heat shock and sacrificed at 72hpf. Cells were counted in three sections per animal taken through the optic nerve. For each section, the cohort of BrdU-labeled cells adjacent to the CMZ was identified, and within the BrdU-positive cohort, specific cell types were identified (see Section 3) and counted. Ratios of the different cell types, e.g. ganglion cells to amacrine cells, were calculated for control and experimental animals, and a test of interactions for proportions was used to identify statistically-significant differences (Altman and Bland, 2003) in the proportion of individual cell types.
Morpholino oligonucleotides and microinjections
Morpholino oligonucleotides, complementary to the translation start site, (À13 to +12) of zebrafish neuroD mRNA sequence (GenBank Accession No. AF036148) or containing a 5-bp mismatch (control morpholino), were synthesized by Gene Tools, LLC (Cowallis, OR). The sequences of the morpholinos were: neuroD-atg: 5 0 -TGACTTCGTCATGTCGGAAC TCTAG-3 0 and neuroD-MM: 5 0 -TGAgTTgGTCATcTCGcAACTgT AG-3 0 . Morpholinos were diluted in 1· Danieau buffer (Nasevicius and Ekker, 2000) at 1 mg/ml. Embryos were injected with 5 ng at the 2-to 8-cell stage.
Photography
All photomicroscopy was performed using a Nikon DMX 1200 digital camera and a Nikon Eclipse E800 microscope. Digital overlays and figures were assembled in Adobe Photoshop CS2.
